Abstract: Traditional high-pressure mechanical compressors account for over half of the car station's cost, have insufficient reliability, and are not feasible for a large-scale fuel cell market. An alternative technology, employing a two-stage, hybrid system based on electrochemical and metal hydride compression technologies, represents an excellent alternative to conventional compressors. The high-pressure stage, operating at 100-875 bar, is based on a metal hydride thermal system. A techno-economic analysis of the metal hydride system is presented and discussed. A model of the metal hydride system was developed, integrating a lumped parameter mass and energy balance model with an economic model. A novel metal hydride heat exchanger configuration is also presented, based on minichannel heat transfer systems, allowing for effective high-pressure compression. Several metal hydrides were analyzed and screened, demonstrating that one selected material, namely (Ti 0.97 Zr 0.03 ) 1.1 Cr 1.6 Mn 0.4 , is likely the best candidate material to be employed for high-pressure compressors under the specific conditions. System efficiency and costs were assessed based on the properties of currently available materials at industrial levels. Results show that the system can reach pressures on the order of 875 bar with thermal power provided at approximately 150 • C. The system cost is comparable with the current mechanical compressors and can be reduced in several ways as discussed in the paper.
Introduction
One of the main hurdles to be overcome for a large-scale hydrogen economy is related to the H 2 delivery. The United States Department of Energy (DOE) has essentially identified three approaches to transport and delivery hydrogen on a large scale [1] . Each of the scenarios requires the presence of high-pressure hydrogen systems. Currently, DOE set its fueling pressure targets at approximately 875 bar, with inlet hydrogen at about 100 bar and with flow rates up to 100 kg/h [1] . Among the other targets for hydrogen compression systems, DOE identified the uninstalled cost target for the year 2020 at $275,000, the energy requirement at 1.6 kWh/kg, availability equal to 85%, and annual maintenance cost equal to 4% of the uninstalled cost (the targets are for: inlet pressure of 100 bar, hydrogen flow rate of 100 kg/h [1]). Currently, mechanical compressors cannot achieve the DOE targets and have several additional drawbacks working at the specified operating conditions. Valid alternative processes are represented by hybrid systems comprised of electrochemical hydrogen compressor (EHC) systems, operating at lower pressures (10-100 bar), integrated with thermal compression systems, operating at pressures on the order of 100-875 bar. One of the main advantages of a hybrid system over other alternative solutions is in the possibility of recovering the available waste heat from the EHC to pressurize and discharge the hydrogen from the thermal compression system, based on metal hydrides. The work presented here focuses on the high-pressure metal hydride hydrogen compressor (MHC) system. Metal hydride materials absorb hydrogen through an exothermic chemical reaction and release the absorbed hydrogen reversibly, through an endothermic chemical reaction. The chemical reaction equilibrium pressures are direct functions of the operating temperatures. Therefore, hydrogen can be absorbed in the materials at low temperatures and corresponding low pressures. By providing high-temperature thermal power, the hydrogen can be released at high pressure without the use of external electric power.
A comprehensive review of the available metal hydride (MH) materials and heat transfer and pressure vessel concepts, operating at maximum pressures on the order of 600-700 bar, can be found in Reference [2] . Currently, available MHs for high-pressure hydrogen compression are Ti-based materials (Laves phase or AB 2 phase materials). Depending on the material formulation, MH compressors can achieve pressures on the order of 800-900 bar at temperatures on the order of 120-150 • C without any electric input [3, 4] . Recent research and development work focused on the design of high-pressure MH-based compression systems, examining the technical performance of the proposed material heat exchanger coupled solutions. Gkanas et al. [5] propose the use of a two-stage metal hydride compression system to achieve maximum pressure ratios of 22, with a maximum delivery pressure of 320 bar at 130 • C. The first-stage material is an AB 5 alloy, namely LaNi 5 , while the second-stage material is an AB 2 -type material based on Zr-V-Mn-Nb. Karagiorgis et al. [6] investigate the use of MH materials to compress hydrogen, using waste heat available at temperatures in the range 10-80 • C. Maximum compression ratios of about 32 were achieved, compressing hydrogen between 7 bar and 220 bar. However, the system is comprised of six-stage metal hydride compressors, using AB 5 and AB 2 materials. Galvis et al. [7] also analyze the use of a three-stage MH compressor, comprised of AB 2 -type materials (Ti-Zr-Cr-Mn-V), to achieve an overall compression ratio of about 82. The system was designed to reach a pressure of 115 bar, with inlet pressure of 1.4 bar and a maximum desorption temperature of 100 • C. None of the proposed systems were designed for pressures on the order of 875 bar, as required by the DOE targets, and consequently, the techno-economic feasibility of systems achieving very high pressures was never examined.
The present work describes a techno-economic model applied to candidate high-pressure metal hydride materials for high-pressure hydrogen compression. The model includes lumped parameter steady-state mass and energy balance equations, integrated with an economic model. The technical performance of the overall material-heat exchanger system was assessed and discussed, proposing a novel heat transfer system model based on minichannel cylindrical tube heat exchangers. The potential of available materials to meet the targets is also discussed, with proposed solutions to enhance the economic performance.
The Hybrid Hydrogen Compressor Concept
A two-stage hybrid compressor system is proposed, as an alternative to conventional mechanical compressors, for efficient and low-cost high-pressure hydrogen compression systems. A simplified schematic of the proposed concept is shown in Figure 1 . The first stage is based on an electrochemical system, referred to as 'Low pressure EHC'. The second stage is a pure thermal compression system, based on metal hydride materials, referred to as 'High pressure MHC'.
The EHC stage operates at manometric compression ratios on the order of 10, compressing the hydrogen from an inlet pressure of 10 bar up to approximately 100 bar. Molecular hydrogen is oxidized at the anode of an electrochemical system, producing protons and electrons. The protons are driven through a proton exchange membrane and combined with electrons at the cathode to deliver high-pressure hydrogen. The outlet pressure is maintained at relatively low values (100 bar) in order to minimize hydrogen back-diffusion across the membrane. The inlet hydrogen flow needs to be humidified to operate the electrochemical compression effectively using traditional Nafion ® membranes. A dryer unit at the exit of the first-stage compressor separates the compressed gas from the water, which is collected in a liquid tank unit. The water is recirculated in the humidification unit to assure the right level of humidity in the electrochemical system. The hydrogen at the exit of the first stage is stored in a buffer tank to assure a continuous flow in the thermal stage of the system. The second stage (MHC stage) of the hybrid system operates at higher pressures with the objective of achieving pressures on the order of 875 bar as required by the DOE targets. This stage is comprised of a thermal compression system, based on MH materials. Such materials absorb hydrogen through an exothermic chemical reaction and release the absorbed hydrogen reversibly, through an endothermic chemical reaction. The equilibrium pressures for the chemical reactions are a direct function of their operating temperatures. Therefore, hydrogen can be absorbed at low temperatures and pressures, and by providing higher-temperature thermal power during the desorption process, the hydrogen pressure can be increased without the use of any external electric power. The second stage (MHC stage) of the hybrid system operates at higher pressures with the objective of achieving pressures on the order of 875 bar as required by the DOE targets. This stage is comprised of a thermal compression system, based on MH materials. Such materials absorb hydrogen through an exothermic chemical reaction and release the absorbed hydrogen reversibly, through an endothermic chemical reaction. The equilibrium pressures for the chemical reactions are a direct function of their operating temperatures. Therefore, hydrogen can be absorbed at low temperatures and pressures, and by providing higher-temperature thermal power during the desorption process, the hydrogen pressure can be increased without the use of any external electric power. Each metal hydride unit intrinsically operates in a batch (or discontinuous) mode, either in hydrogen charging mode or in hydrogen release mode. Therefore, to assure steady hydrogen flow, at least two parallel metal hydride units need to be coupled in series with the electrochemical unit ( Figure 1) . One of the main advantages of the proposed solution over competing approaches (e.g., a pure thermal compressor or pure electrochemical system) is the possibility of recovering the EHC waste heat to feed the thermal MH system during hydrogen desorption, as shown in Figure 1 . This substantially increases the overall system efficiency [3] . The point HH1 identifies the inlet condition of the hot utility (i.e., from the EHC) heat transfer fluid, while the HH2 point represents the corresponding outlet condition, after hydrogen desorption in the MHC unit. The waste heat from the EHC unit is available at temperatures on the order of 150-160 °C. The hydrogen is charged in the MHC system using external cold utility (i.e., water at a temperature on the order of 10-15 °C) heat transfer. The points CH1 and CH2 in Figure 1 represent the inlet and outlet points of the cold utility fluid, respectively. Depending on the EHC membrane selection and on the MHC material choice, the system has the potential to achieve a complete EHC waste heat recovery without the need for external thermal power input [3] .
More information on the overall system and on the EHC stage characteristics, especially relative to the energy integration with the MHC stage, can be found elsewhere [3] . The attention of the work discussed in the current document was paid to the high-pressure thermal compression unit, examining the techno-economic performance of the MH systems. Each metal hydride unit intrinsically operates in a batch (or discontinuous) mode, either in hydrogen charging mode or in hydrogen release mode. Therefore, to assure steady hydrogen flow, at least two parallel metal hydride units need to be coupled in series with the electrochemical unit ( Figure 1) . One of the main advantages of the proposed solution over competing approaches (e.g., a pure thermal compressor or pure electrochemical system) is the possibility of recovering the EHC waste heat to feed the thermal MH system during hydrogen desorption, as shown in Figure 1 . This substantially increases the overall system efficiency [3] . The point HH1 identifies the inlet condition of the hot utility (i.e., from the EHC) heat transfer fluid, while the HH2 point represents the corresponding outlet condition, after hydrogen desorption in the MHC unit. The waste heat from the EHC unit is available at temperatures on the order of 150-160 • C. The hydrogen is charged in the MHC system using external cold utility (i.e., water at a temperature on the order of 10-15 • C) heat transfer. The points CH1 and CH2 in Figure 1 represent the inlet and outlet points of the cold utility fluid, respectively. Depending on the EHC membrane selection and on the MHC material choice, the system has the potential to achieve a complete EHC waste heat recovery without the need for external thermal power input [3] .
More information on the overall system and on the EHC stage characteristics, especially relative to the energy integration with the MHC stage, can be found elsewhere [3] . The attention of the work discussed in the current document was paid to the high-pressure thermal compression unit, examining the techno-economic performance of the MH systems.
The Techno-Economic Analysis Model
A simplified lumped parameter techno-economic model was developed to assess the performance of the high-pressure MH compression system.
Metal Hydride Compressor System Technical Performance Model
The metal hydride system model includes steady-state lumped parameter mass and energy balance equations. With reference to Figure 1 , the mass balance equation of the MHC stage is expressed as:
(1)
Equation (1) is valid assuming continuity of operation and represents the steady-state balance of mass for the MHC system. The hydrogen flow is split between the two parallel metal hydride units.
The lumped parameter steady-state energy balance equation is expressed as:
.
with h being the hydrogen specific enthalpy (kJ/kg); M MH and M w being the mass of each metal hydride material and of the tubing walls (kg), respectively; C PMH and C PW being the specific heat of the metal hydride and of the tubing and system wall, respectively (kJ/kg·K), averaged between the absorption temperature and the desorption temperature; and ∆H being the absolute value of the metal hydride chemical reaction enthalpy (kJ/kg) during absorption and desorption. The absorption and desorption times are indicated as ∆t abs (s) and ∆t des (s), respectively. Equation (2) has been derived making the following assumptions: The heat capacity of the hydrogen absorbed and desorbed in the MH has been assumed negligible compared to the heat capacity of the materials (metal hydride and tubing walls). This is due to the low weight capacity of the materials adopted for the current compression systems, which is typically on the order of 1-2 wt % [2] . In addition, the system heat losses have been assumed negligible compared to the other thermal power terms.
The thermal power exchanged between the heat transfer fluid (e.g., pressurized water) and the materials during absorption and desorption is expressed as follows. During hydrogen desorption, the heating power, available from the EHC system, is provided at (inlet) temperatures of T HH1 and is expressed as:
Also assumed is the mass continuity of the hot utility heat transfer fluid flowing in/out of the EHC. Therefore,
m HH2 . During hydrogen absorption, the cooling power is provided at (inlet) temperatures of T CH1 and is expressed as:
Also assumed is the mass continuity of the cold utility heat transfer fluid. Therefore,
m CH2 . The mass of each MH material can be estimated as:
with ∆t = ∆t abs = ∆t des , assuming that the absorption time is equal to the desorption time.
The volumetric efficiency factor (η v ) accounts for the void fraction in the bulk material and for the expansion and contraction of the MH during absorption and desorption, respectively. The values of T abs and T des are assessed as the temperature values corresponding to the equilibrium pressures during absorption and desorption. Their values are estimated using the van 't Hoff equation (Equation (6)), which is derived from the Gibbs energy expression:
with P abs/des being the equilibrium pressure (bar) values for absorption and desorption, respectively. To carry out a techno-economic feasibility study and compare the material performance, the following assumptions were made: (1) the material hysteresis is assumed negligible, thus implying that ∆H abs = ∆H des and ∆S abs = ∆S des and (2) pressure is used in the van 't Hoff expression rather than fugacity, assuming an acceptable error at high pressures as well. A first conceptual design of the MHC heat transfer system was also carried out. A novel heat transfer system configuration was identified and adopted for the high-pressure scenario. It is comprised of a series of MH material-filled tubes. Finned minichannel cylindrical tubes, located inside the MH tube, provide the required cooling/heating power to charge/discharge the hydrogen. The frontal 2D view of a single tube is shown in Figure 2 . The proposed system has several advantages over more traditional heat transfer systems with the heat transfer fluid flowing in the shell side of the component. The wall of the MH tube, in general, can be very thick, given the current operating pressure conditions of 875 bar. Therefore, including an insulation layer between the MH tube and the vessel wall, the proposed solution allows a direct heat exchange between the fluid and the MH material. This avoids the presence of additional relevant thermal inertia represented by the MH tube wall. The values of Tabs and Tdes are assessed as the temperature values corresponding to the equilibrium pressures during absorption and desorption. Their values are estimated using the van 't Hoff equation (Equation (6)), which is derived from the Gibbs energy expression:
with Pabs/des being the equilibrium pressure (bar) values for absorption and desorption, respectively. To carry out a techno-economic feasibility study and compare the material performance, the following assumptions were made: (1) the material hysteresis is assumed negligible, thus implying that ΔHabs = ΔHdes and ΔSabs = ΔSdes and (2) pressure is used in the van 't Hoff expression rather than fugacity, assuming an acceptable error at high pressures as well. A first conceptual design of the MHC heat transfer system was also carried out. A novel heat transfer system configuration was identified and adopted for the high-pressure scenario. It is comprised of a series of MH material-filled tubes. Finned minichannel cylindrical tubes, located inside the MH tube, provide the required cooling/heating power to charge/discharge the hydrogen. The frontal 2D view of a single tube is shown in Figure 2 . The proposed system has several advantages over more traditional heat transfer systems with the heat transfer fluid flowing in the shell side of the component. The wall of the MH tube, in general, can be very thick, given the current operating pressure conditions of 875 bar. Therefore, including an insulation layer between the MH tube and the vessel wall, the proposed solution allows a direct heat exchange between the fluid and the MH material. This avoids the presence of additional relevant thermal inertia represented by the MH tube wall. The steady-state heat transfer energy balance equation during hydrogen absorption, using the log mean temperature difference (LMTD) approach, is expressed as: The steady-state heat transfer energy balance equation during hydrogen absorption, using the log mean temperature difference (LMTD) approach, is expressed as:
The steady-state heat transfer energy balance equation during hydrogen desorption, using the LMTD approach, is expressed as:
Constant steady-state temperatures during absorption and desorption were assumed. The heat transfer coefficient (h), accounts for the conductive heat transfer process inside the MH material and the convective laminar heat transfer in the fluid. The overall heat transfer coefficient under laminar conditions can be assessed from Equation (9):
with k HF and k MH (W/m·K) being the thermal conductivity of the heat transfer fluid and of the metal hydride material, respectively. Equation (9) was derived assuming that the thickness of the heat transfer tubes (t) is negligible and that Nu = 4.66 for the heat transfer fluid under laminar flow conditions [8] .
The heat transfer surface area of the heat exchanger is:
The mass of the tubing walls is estimated based on the adopted heat transfer configuration as well as on the operating conditions, as discussed in the next sections.
The conceptual design of the material heat exchanger coupled system was carried out based on the geometrical constraints, defined by the heat transfer requirements and the volume occupied by the MH material. The required heat transfer surface area (S) and the volume (V) occupied by the MH material are expressed in Equations (11) and (12):
with N T and n f being the overall number of tubes and the number of fins per tube, respectively. Equations (11) and (12) were derived assuming that the thickness of the internal heat transfer tubes (t) and of the fins (t f ) are reasonably negligible compared to the other dimensions.
Metal Hydride Compressor System Economic Model
The installed cost of the MH system was assessed adopting a traditional factored methodology. By this approach, the installed cost can be evaluated as the free on board (FOB) component cost with additional installation costs, computed using installation factors, as expressed in Equation (13):
The installation factor (f inst ) accounts for the cost of connecting tubing and piping, external insulation, painting, electrical and control equipment, labor, concrete, and so forth. It also accounts for the high-pressure distribution plates for hydrogen and low-pressure connections for the heat transfer fluid. The values were assessed adopting traditional equipment databases and process modeling programs, namely ASPEN In plant Cost Estimator ® [9] .
The component FOB cost is expressed as follows:
The first term (C MH ) represents the FOB cost of the MH material. It includes the cost of the raw material, the manufacturing, processing, and heat treatment cost and the cost for handling and locating the material inside the tank. This term was assessed based on industrial material data from JMC Alloy [10] for the different selected alloys. The second term (C HEPV ) is the FOB cost of the MH tubes and heat exchanger tubing (i.e., finned tubes cost) placed inside the MH tube. The cost of the internal heat transfer tubes was assessed based on industrial tubing values [11] , with Al considered as the constitutive material of the heat transfer tubes. The cost of the MH tubes was assessed based on industrial Swagelok 'Super Duplex' tubing catalogs and from personal communications with Swagelok [12] , with SS2507 considered as the constitutive material of MH tubes, operating in a hydrogen environment up to pressures of 900 bar.
Results
The techno-economic model was applied to different MHs, which were then downselected based upon constraints and initial degrees of freedom assumed on the basis of the compressor configuration and operating conditions. The performance of the selected MHC systems was assessed and compared, showing the potential of selected materials to achieve the required operating conditions.
Initial Downselected Materials
To carry out the techno-economic analysis, the following assumptions were made. The hydrogen flow rate is between 1 kg/h (for smaller scale applications) and 100 kg/h (for large-scale scenarios) based on the DOE targets [1] . With reference to Figure 1 , the inlet hydrogen pressure (P H1 ) is equal to 100 bar, achieved at the exit of the electrochemical stage [3] . The MHC system operates with a compression ratio of 8.75, compressing the hydrogen up to 875 bar, as required by the DOE targets. The MHC system is also assumed to be comprised of a single-stage MH compressor, in order to reduce the investment cost and the plant management complexity required by two-or multiple-stage MH compressors. The MH heating power, required to desorb the hydrogen, is assumed to be provided as waste heat from the EHC at T HH1 = 155 • C. The MH cooling power, required to absorb the hydrogen, is assumed to be provided by a cooling source at T CH1 = 15 • C. Each of the two MHC system lines (operating in opposite charging/discharging phase) was assumed to be comprised of two MH units operating in parallel, to assure continuity of exercise during possible maintenance or failure of one unit. Some of the degrees of freedom of the problem were assumed ab initio, limiting the number of the unknows of the overall problem. The charging/discharging time of the MHC was assumed equal to 10 min (i.e., 20 min per each complete cycle), with the absence of material weight capacity degradation for (at least) 35,000 cycles. Existing AB 2 MH materials have the right characteristics to achieve the assumed cycling time (i.e., fast kinetics) and degradation performance [2, 13] . Depending on the formulation, the AB 2 MH material operating pressures can range between 10 bar and over 1000 bar. A comprehensive list of existing AB 2 materials for hydrogen compression applications, both for low and high pressures, can be found in Reference [2] . However, the temperature constraint of the proposed scenario limits the available existing AB 2 metal hydrides to only a few possible candidates. A first screening of the existing AB 2 materials was carried out, based on the available databases and literature data [2, 14] and depending on the operating conditions (temperatures and pressures). Four candidate materials were preliminarily screened, with their thermodynamic, physical, and chemical properties shown in Tables 1 and 2 . The thermodynamic and weight capacity data for the HP1 material (TiCr 1.9 ) were collected from References [15, 16] . The corresponding equilibrium operating conditions were estimated using the van 't Hoff equation.
The HP1 material is characterized by significant hysteresis and sloped plateaus at the temperature and pressure range of interest [3, 15, 17] . Even if the material is characterized by excellent operating pressures and temperatures, it cannot be adopted for an effective high-pressure hydrogen compression system. However, the material was still included as possible candidate material, accounting for possible future material development and modifications to achieve enhanced performance. The HP2 material ((Ti 0.97 Zr 0.03 ) 1.1 Cr 1.6 Mn 0.4 ) is characterized by flatter plateau profiles and reduced material hysteresis [18] . The thermodynamic and weight capacity data for the HP2 material have been collected from Reference [18] , with the corresponding equilibrium operating T and P estimated using the van 't Hoff equation. Likewise, the HP3 material (Ti 1.1 CrMn) properties have been assessed based on the data available in Reference [19] . The main limit of the HP3 material is the absorption temperature, required to be on the order of 27 • C for 100 bar. The reduced temperature differences in the heat transfer cooling system makes the design of the heat exchanger more challenging, requiring additional finned structures and higher heat transfer fluid flow rates. The HP4 material thermodynamic properties and weight capacity were collected from Reference [20] . The HP4 material was still included as a potential candidate, but is characterized by an operating temperature (145 • C) very close to the hot utility temperature (155 • C), with an overall temperature difference of only 10 • C.
The bulk density of each downselected material was estimated based on the crystal density and assuming a void fraction of 50%. Expansion and contraction of the material during absorption and desorption was assumed to be equal to 15% of the initial volume under the totally desorbed state [2] . The thermal conductivity value was assessed based on the data and information available in References [21] [22] [23] . Thermal conductivity values on the order of 5-10 W/m·K are reported when expanded natural graphite is mixed with the material in quantities on the order of about 10 wt %. The specific heat values were estimated based on the material formulation, resulting in values on the order of 500 J/kg·K for each material.
Technical Analysis Results
The technical feasibility and the corresponding performance of the MH systems comprised of the four downselected alloys are described and discussed in the following sections.
The technical analysis was carried out under the following assumptions. Two scenarios were analyzed: the first scenario saw the adoption of MH compressors for small-scale applications (1 kg H2 /h, with pressures 100-875 bar); the second scenario was for large-scale applications (100 kg H2 /h, with pressures 100-875 bar). Given the high pressure range, only small-diameter metal tubes are currently available. The MH tube diameter (D t ) was assumed equal to 1.3 cm, which is the available diameter from Swagelok catalogs, with SS2507 as the constitutive material. The corresponding wall thickness (t t ) was estimated equal to 2.1 mm. This confirms that the optimal heat transfer solution is to include minichannel tubes internally in the MH tubes. Finned aluminum tubes were adopted to transfer the cooling/heating power, with diameter (d) of 2.4 mm. Pressurized water (at pressures of 7.5 bar) was assumed as the heat transfer fluid.
Results in Table 3 highlight the heating/cooling power required to desorb/absorb hydrogen for 100 kg/h. The contributions of sensible heating/cooling, to vary the operating temperature of the MH bed, and latent heating/cooling required by the chemical reaction (i.e., desorption and absorption, respectively) are also shown in the table. Table 4 shows the results of a first conceptual design of the four selected systems. Table 4 . Conceptual design results of the four downselected high-pressure metal hydrides (HP1, HP2, HP3, and HP4) processing 1 kg/h and 100 kg/h. Each system is comprised of four parallel units. The system design essentially follows a linear relationship with the hydrogen flow rate from 1 kg/h to 100 kg/h. The sensible heating/cooling power required to increase/decrease the operating temperature plays an important role in the technical performance of the MHC system, contributing about 26-30% of the overall required thermal power. The reduced temperature differences in the HP4 compressor between the MH and the heat transfer fluid during the desorption phase (LMTD = 6 • C) results in increased heat transfer surface area (i.e., increase of the number of fins required to transfer the heat during the desorption). Even if the HP4 system requires the lowest heating power (approximately 2% lower than the HP2 material), the reduced LMTD value has also the effect of requiring higher water flow rates (about 22% higher than the corresponding HP2 system) to maintain the heat exchange as feasible (temperature pinch point equal to 2 • C).
Economic Analysis Results
The economic feasibility and performance of the proposed compression systems are described below. The analysis was carried out using the 2017 U.S. Dollar ($). The installation factor, described in Section 3, was estimated by adopting ASPEN In Plant Cost Estimator and including additional feasible estimations for the distribution plates. The installation factor values were equal to 1.35 for the large-scale scenario (100 kg/h) and 7.0 for the small-scale scenario (1 kg/h).
Results of the small-scale (1 kg/h) and large-scale scenarios (100 kg/h) are shown in Figures 3 and 4 , respectively, highlighting the influence of the MH material cost and the heat exchanger and tubing cost. The cost of the MH material is directly proportional with the hydrogen flow rate, as for each modular system. The heat exchanger and tubing cost, along with the additional installation costs, follows a power law with regard to the hydrogen flow rate. The HP1 is the most expensive system, mainly due to the MH material cost. For the small-scale scenario, the material cost accounts for about 60% of the overall installed cost. This contribution goes up to about 86% for the large-scale scenario. The HP2 material represents the best option among the selected materials adopted in high-pressure systems. For the small-scale scenario, the HP2 material cost accounts for about 39% of the overall installed cost, achieving about 75% for the large-scale scenario. The HP3 and HP4 systems have similar performance with the HP2 compressor. The HP3 material cost accounts for about 40% of the overall installed cost for small-scale conditions, reaching about 74% for the corresponding large-scale scenario. The HP4 system shows an economic performance essentially identical with the HP2 material. The HP4 material cost influence on the overall small-scale scenario cost is about 40%, reaching values of almost 76% for large-scale scenarios.
Cost sensitivity analyses were also carried out for the best candidate material (HP2) at largescale scenarios. The sensitivity analysis 'tornado chart' is shown in Figure 5 . Four techno-economic The cost of the MH material is directly proportional with the hydrogen flow rate, as for each modular system. The heat exchanger and tubing cost, along with the additional installation costs, follows a power law with regard to the hydrogen flow rate. The HP1 is the most expensive system, mainly due to the MH material cost. For the small-scale scenario, the material cost accounts for about 60% of the overall installed cost. This contribution goes up to about 86% for the large-scale scenario. The HP2 material represents the best option among the selected materials adopted in high-pressure systems. For the small-scale scenario, the HP2 material cost accounts for about 39% of the overall installed cost, achieving about 75% for the large-scale scenario. The HP3 and HP4 systems have similar performance with the HP2 compressor. The HP3 material cost accounts for about 40% of the overall installed cost for small-scale conditions, reaching about 74% for the corresponding large-scale scenario. The HP4 system shows an economic performance essentially identical with the HP2 material. The HP4 material cost influence on the overall small-scale scenario cost is about 40%, reaching values of almost 76% for large-scale scenarios.
Cost sensitivity analyses were also carried out for the best candidate material (HP2) at largescale scenarios. The sensitivity analysis 'tornado chart' is shown in Figure 5 . Four techno-economic The cost of the MH material is directly proportional with the hydrogen flow rate, as for each modular system. The heat exchanger and tubing cost, along with the additional installation costs, follows a power law with regard to the hydrogen flow rate. The HP1 is the most expensive system, mainly due to the MH material cost. For the small-scale scenario, the material cost accounts for about 60% of the overall installed cost. This contribution goes up to about 86% for the large-scale scenario. The HP2 material represents the best option among the selected materials adopted in high-pressure systems. For the small-scale scenario, the HP2 material cost accounts for about 39% of the overall installed cost, achieving about 75% for the large-scale scenario. The HP3 and HP4 systems have similar performance with the HP2 compressor. The HP3 material cost accounts for about 40% of the overall installed cost for small-scale conditions, reaching about 74% for the corresponding large-scale scenario.
The HP4 system shows an economic performance essentially identical with the HP2 material. The HP4 material cost influence on the overall small-scale scenario cost is about 40%, reaching values of almost 76% for large-scale scenarios.
Cost sensitivity analyses were also carried out for the best candidate material (HP2) at large-scale scenarios. The sensitivity analysis 'tornado chart' is shown in Figure 5 . Four techno-economic parameters (density, cycle time, material cost, and installation cost) were chosen as the most significant quantities. parameters (density, cycle time, material cost, and installation cost) were chosen as the most significant quantities. Each parameter was varied while maintaining the other quantities as constant. The heat exchanger system geometry was a fixed parameter for the current sensitivity analysis. The material intrinsic properties (e.g., reaction enthalpy, weight capacity, specific heat, overall thermal conductivity) were also assumed to be fixed, since their variation would require additional material development and analysis. The bulk material density varied between 30% of the crystal density (i.e., 1886 kg/m 3 ) and 70% of the crystal density (i.e., 4401 kg/m 3 ), assuming a different degree of compaction. The baseline bulk density is equal to 3140 kg/m 3 , or 50% of the crystal density. The corresponding system cost saw a variation of +34% with the decrease of the bulk density of about 40% compared to the baseline value. This is also due to the presence of additional void space, which reduces the volumetric efficiency of the compressor, resulting in additional metal hydride material needing to be included in the system. The cycling time is the quantity that showed the highest influence on the overall system cost. A variation of the cycle time of ±50% results in a corresponding cost variation of ±50%, reaching values of about $3.6M for a cycling time of 30 min. A relevant influence on the system cost was also noticed for the MH FOB cost. A reduction of the FOB cost of 50% (i.e., equal to 435 $/kg) resulted in a reduction of the system cost of almost 35%, reaching a value of about $1.6M. The influence of the installation factor on the installed cost was very limited compared to the sensitivity of the other quantities. A reduction of the installation factor from 1.35 (baseline value) to 1.2 resulted in a reduction of the installed cost of approximately 2.7%. The cost of the heat exchanger, pressure vessel, distribution plates, and installation plays a more relevant role in the small-scale scenario (1 kg/h), influencing the overall installed cost for more than 50%.
Discussion and Future Work
Given the stringent constraints dictated by the operating conditions and the need for reduced investment costs, only a few existing MH materials could be downselected as candidates for highpressure MH compressors. Among the four downselected materials, only one candidate (HP2 material) has high potential for application in the actual system. The HP1 material is limited by its high slope of the two-phase region and relevant hysteresis, making the hydride not the best candidate for compression applications. In addition, the limited weight capacity and high material cost of the Each parameter was varied while maintaining the other quantities as constant. The heat exchanger system geometry was a fixed parameter for the current sensitivity analysis. The material intrinsic properties (e.g., reaction enthalpy, weight capacity, specific heat, overall thermal conductivity) were also assumed to be fixed, since their variation would require additional material development and analysis. The bulk material density varied between 30% of the crystal density (i.e., 1886 kg/m 3 ) and 70% of the crystal density (i.e., 4401 kg/m 3 ), assuming a different degree of compaction. The baseline bulk density is equal to 3140 kg/m 3 , or 50% of the crystal density. The corresponding system cost saw a variation of +34% with the decrease of the bulk density of about 40% compared to the baseline value. This is also due to the presence of additional void space, which reduces the volumetric efficiency of the compressor, resulting in additional metal hydride material needing to be included in the system. The cycling time is the quantity that showed the highest influence on the overall system cost. A variation of the cycle time of ±50% results in a corresponding cost variation of ±50%, reaching values of about $3.6M for a cycling time of 30 min. A relevant influence on the system cost was also noticed for the MH FOB cost. A reduction of the FOB cost of 50% (i.e., equal to 435 $/kg) resulted in a reduction of the system cost of almost 35%, reaching a value of about $1.6M. The influence of the installation factor on the installed cost was very limited compared to the sensitivity of the other quantities. A reduction of the installation factor from 1.35 (baseline value) to 1.2 resulted in a reduction of the installed cost of approximately 2.7%. The cost of the heat exchanger, pressure vessel, distribution plates, and installation plays a more relevant role in the small-scale scenario (1 kg/h), influencing the overall installed cost for more than 50%.
Given the stringent constraints dictated by the operating conditions and the need for reduced investment costs, only a few existing MH materials could be downselected as candidates for high-pressure MH compressors. Among the four downselected materials, only one candidate (HP2 material) has high potential for application in the actual system. The HP1 material is limited by its high slope of the two-phase region and relevant hysteresis, making the hydride not the best candidate for compression applications. In addition, the limited weight capacity and high material cost of the HP1 material result in significant increase of the investment cost compared with the other candidate materials. The HP3 and HP4 materials suffer from the heat transfer management required to achieve pressures between 100 bar and 875 bar. The HP3 hydride requires temperatures lower than 27 • C to absorb hydrogen at 100 bar, making the heat transfer with external cold utility fluid (at 15 • C) challenging. The HP4 material requires temperatures close to 150 • C to desorb hydrogen at 875 bar, making the recovery of the available waste heat from the EHC system challenging. The HP2 material will be verified in terms of operating pressures and temperatures at an industrial level.
To experimentally evaluate the candidate materials, a high-pressure Sieverts' apparatus, reaching pressures >900 bar, would be designed and built ( Figure 6 ). The system will employ a two-channel design to optimize MH characterization. All components will be rated at pressures >1000 bar with minimal volume tubing used to ensure limited dead volume existing between reservoirs and sample holders. The system would be controlled by pneumatically driven valves and regulator allowing for the availability of full automation, thereby permitting data collection of isothermal, kinetic, and cycling measurements. Laboratory cylinder hydrogen would be fed to a flammable gas compressor, allowing for the necessary pressures to be achieved for testing. The system would store the compressed hydrogen in a 60-70 mL high-pressure storage container in preparation for aliquots of gas to be absorbed by the sample. The storage reservoir, as well as the channels' reservoirs, would be contained within a temperature-controlled frame. The sample holders would be external from the fame and could be heated or chilled to temperatures ranging from less than −10 • C to greater than 150 • C. The sample holders chosen would allow for amounts of material >25 g to be tested at a time. Designing the system around large quantities of samples to be measured permits the examination of a prototype-scale level of characterization. HP1 material result in significant increase of the investment cost compared with the other candidate materials. The HP3 and HP4 materials suffer from the heat transfer management required to achieve pressures between 100 bar and 875 bar. The HP3 hydride requires temperatures lower than 27 °C to absorb hydrogen at 100 bar, making the heat transfer with external cold utility fluid (at 15 °C) challenging. The HP4 material requires temperatures close to 150 °C to desorb hydrogen at 875 bar, making the recovery of the available waste heat from the EHC system challenging. The HP2 material will be verified in terms of operating pressures and temperatures at an industrial level.
To experimentally evaluate the candidate materials, a high-pressure Sieverts' apparatus, reaching pressures >900 bar, would be designed and built ( Figure 6 ). The system will employ a twochannel design to optimize MH characterization. All components will be rated at pressures >1000 bar with minimal volume tubing used to ensure limited dead volume existing between reservoirs and sample holders. The system would be controlled by pneumatically driven valves and regulator allowing for the availability of full automation, thereby permitting data collection of isothermal, kinetic, and cycling measurements. Laboratory cylinder hydrogen would be fed to a flammable gas compressor, allowing for the necessary pressures to be achieved for testing. The system would store the compressed hydrogen in a 60-70 mL high-pressure storage container in preparation for aliquots of gas to be absorbed by the sample. The storage reservoir, as well as the channels' reservoirs, would be contained within a temperature-controlled frame. The sample holders would be external from the fame and could be heated or chilled to temperatures ranging from less than −10 °C to greater than 150 °C. The sample holders chosen would allow for amounts of material >25 g to be tested at a time. Designing the system around large quantities of samples to be measured permits the examination of a prototype-scale level of characterization. 
Conclusions
A novel techno-economic analysis model was developed, including steady-state mass and energy balance equations, and applied to high-pressure MH thermal compressors. Technical and economic performance of MH systems, compressing hydrogen from 100 bar to 875 bar with heating power provided at temperatures on the order of 150 • C, was assessed. The system was assumed to be coupled with an electrochemical system, which provides the heating power (waste heat from the electrochemical component) required to desorb hydrogen from the metal hydride system. A novel heat transfer system is also proposed to exchange the heating and cooling power with the metal hydride material. The configuration sees the adoption of finned minichannel heat transfer tubes placed inside the MH material tubes, allowing for enhanced technical performance compared to traditional shell and tube solutions. Only a few metal hydride materials could be initially downselected, being able to achieve the required operating conditions (pressures and temperatures). Results showed that the novel heat transfer system allowed all the downselected materials to potentially achieve the operating pressure (875 bar) at temperatures lower than 150 • C. However, only one of the selected alloys, namely (Ti 0.97 Zr 0.03 ) 1.1 Cr 1. 6 Mn 0.4 , showed more realistic temperature differences in the heat transfer process, making it the best candidate for the proposed application. Cost results, obtained for currently available materials at the industrial level for quantities on the order of 10-50 kg, showed the economic feasibility of the proposed system. Economic sensitivity analyses were also carried out, showing different approaches to enhance the economic performance. The overall system cost can be reduced by up to about 50% of the initial cost with a reduction of the material cost of 50% and an increase of the bulk density by up to 70% of the crystal density.
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